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In response to progressively brighter ﬂashes, the amplitude of the photopic b-wave of the human electroretinogram (ERG) ﬁrst
increases, then saturates at a maximal value (Vmax) to ﬁnally decrease with the brightest ﬂashes. The purpose of this study was to
investigate if this ‘‘photopic hill’’ could be modulated with the use of stimuli of diﬀerent wavelengths. ERGs were evoked to ﬂashes
of white, blue, green and red light presented against a white background in 30 normal subjects. Each chromatic stimulus produced a
photopic hill. Findings indicate that the amplitude of Vmax was essentially identical except for that measured in response to the red
stimuli, where it was 20% smaller than the others.
 2005 Elsevier Ltd. All rights reserved.
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In response to progressively brighter stimuli, the
amplitude of the photopic ERG b-wave ﬁrst increases,
then saturates over a narrow range of intensities and,
if the ﬂash luminance continues to augment, will demon-
strate a gradual deterioration. This unique luminance-
response function is referred to as the Photopic Hill, a
terminology used by Wali and Leguire (1992, 1993)
who were ﬁrst to describe it. Little is known about the
retinal mechanisms at the origin of this ERG phenome-
non. It would appear, as its name suggests, to be a
feature limited to the cone ERG, given that the lumi-
nance-response function of the rod-mediated b-wave is
not known to demonstrate a similar amplitude decay
with brighter ﬂashes. We know that it most probably0042-6989/$ - see front matter  2005 Elsevier Ltd. All rights reserved.
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ment (photopigment, neuromediator, neuromodulator,
etc.) or the progressive inhibition of a response, which
could result from an overstimulation caused by the addi-
tive eﬀect of a series of progressively brighter ﬂashes,
since an identical photopic hill is obtained whether the
ﬂashes are delivered in incremental or decremental order
(Wali & Leguire, 1992).
Cone ERG responses are normally evoked to ﬂashes
of light delivered in the presence of a rod-desensitizing
background light whose purpose is to avoid inclusion
of a rod contamination to the response. To achieve this
goal it is suggested to use a background whose lumi-
nance is between 17 and 34 cd m2 (Marmor & Zrenner,
1998); although Peachey, Alexander, Derlacki, and
Fishman (1992) have shown that cone speciﬁc responses
could be isolated with backgrounds as dim as
1.3 cd m2. In a previous study (Ruﬁange, Rousseau,
Dembinska, & Lachapelle, 2002), we examined the phot-
opic hills obtained in the presence of a rod-desensitizing
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525 cd m2 and compared them to one obtained at the
onset of dark adaptation. We showed that the maximal
amplitude of the b-wave, which is reached at the peak of
the photopic hill, was not dependent upon the lumi-
nance of the rod-desensitizing background light. There
was no signiﬁcant diﬀerence between the Vmax obtained
with the brightest or dimmest photopic backgrounds.
The Vmax of the photopic hill was, however, signiﬁcantly
smaller than that measured within the ﬁrst minute of
dark adaptation. These results suggested to us the con-
cept of ﬁniteness to describe the cone ERG b-wave. In
other words, the maximal amplitude which is reached
at the peak of the photopic hill, and the gradual decay
in amplitude which follows, most probably do not result
from the inability of the entire retina to process brighter
stimuli, but is more the consequence of a built-in, intrin-
sic voltage limitation mechanism speciﬁc to the retinal
cone pathway.
The purpose of this study was to investigate if phot-
opic hills, of the nature described above, could also be
evidenced with the use of chromatic stimuli of wave-
lengths spread along the visible range namely 410 nm
(blue), 510 nm (green) and 640 nm (red) stimulus. Re-
sults indicate that photopic hills generated with ﬂashes
of blue and green stimulus yield almost identical Vmax
amplitudes which are not signiﬁcantly diﬀerent from
that obtained with white light stimulus. In contrast,
the amplitude of the Vmax obtained with the red stimulus
was signiﬁcantly smaller than any of the above. The red
stimulus also generated smaller oscillatory potentials
(OPs), the reduction being most pronounced with the
long latency OP4. Knowledge of the above not only adds
to our understanding of the retinal mechanisms under-
lying this unique feature of the cone ERG response
but also further deﬁnes its limitation.400 450 500 550 600 650 700
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Fig. 1. Normalized light transmittance of the three color ﬁlters used.
kmax = 410 (solid), 510 (dotted) and 640 nm (interrupted).2. Methods
2.1. Preparation of subjects
Experiments were performed on 30 normal subjects,
23 women and 7 men, aged 18–25 years old (mean:
21.1 ± 1.6 years old), who all voluntarily agreed to par-
ticipate and sign an informed consent to that eﬀect. All
subjects received a complete ophthalmological examina-
tion prior to testing in order to ascertain normalcy. This
study followed the tenets of the Declaration of Helsinki.
Binocular ERGs were recorded with the use of DTL
ﬁber electrodes (27/7 X-Static silver coated conductive
nylon yarn: Sauquoit Industries, Scranton, PA, USA)
on fully dilated pupils (Tropicamide 1%) according to
a protocol previously reported (Ruﬁange, Dumont, &
Lachapelle, 2002; Ruﬁange, Rousseau et al., 2002; Ruﬁ-
ange et al., 2003). Brieﬂy, the DTL electrodes were posi-tioned deep into the inferior conjunctival bags and
secured with double-sided adhesive tape at the external
and internal canthi of each eye. Reference and ground
electrodes (Grass gold cup electrodes ﬁlled with Grass
EC2 electrode cream) were pasted at the external canthi
of each eye and on the forehead respectively. In view of
the expected inordinate length of the recording sessions
(i.e. 90 min), the proper positioning of the DTL elec-
trode as well as maximal pupil dilation was veriﬁed at
regular intervals throughout the recording session.
2.2. ERG procedures
The subjects were ﬁrst placed in front of a Ganzfeld of
30 cm in diameter and light-adapted for 10 min to a rod-
desensitizing white light background of 17 cd m2 (lower
limit recommended by ISCEV; Marmor & Zrenner,
1998) after which photopic electroretinograms (ERGs)
(bandwidth: 0.3–500 Hz; ampliﬁcation: 20,000·; attenu-
ation: 6 dB) and oscillatory potentials (OPs) (bandwidth:
75–500 Hz; ampliﬁcation: 20,000·; attenuation: 6 dB)
were recorded simultaneously with the use of a LKC
UTAS-E-3000 system (LKC Systems Inc., Gaitherburg,
MD, USA). Each ﬂash had a duration of 20 ls and the
interstimulus interval was ﬁxed at 2.3 s. Ten responses
were recorded and averaged at each ﬂash intensity and
each tracing included a 40 ms pre-stimulus baseline.
Luminance-response functions were obtained to white
(intensity range: 0.8 to 2.84 logcd s m2), blue (Gam-
Color ﬁlter #850, kmax = 410 nm; intensity range: 2.01
to 1.24 logcd s m2; www.gamonline.com), green (Gam-
Color ﬁlter #650, kmax = 510 nm; intensity range: 1.31
to 1.14 logcd s m2) and red (GamColor ﬁlter #250,
kmax = 640 nm; intensity range: 1.43 to 1.02 logcd
s m2) light. The light transmittance of the three ﬁlters
are presented in Fig. 1. Background luminance and ﬂash
intensities were measured with a research radiometer
(IL 1700; International Light, Newburyport, MA,
USA).
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Analysis of the ERG included peak time and ampli-
tude measurements of the a-, b- and i-waves and of
the OPs. The data from both eyes were averaged (aver-
age of left and right eye measurements) to yield a single
data point. The amplitude of the a-wave was measured
from baseline to trough and that of the b-wave from
the trough of the a-wave to peak. The i-wave was mea-
sured from the trough following the b-wave to the peak
of the i-wave. Analysis of the OPs was restricted to the
ﬁrst three major OPs identiﬁed as OP2, OP3 and OP4.
The amplitudes of the OPs were measured individually
from the preceding trough to the peak, except for OP2,
which was measured from baseline. Peak times were
measured from ﬂash onset to the peak of each wave.
Fig. 2 identiﬁes the variables that were previously
suggested in order to analyze the b-wave photopic hills
(Ruﬁange et al., 2003). The seven variables are: (1) Vmax:
the maximal amplitude of the b-wave; (2) amax: the
amplitude of the a-wave of the Vmax ERG; (3) Imax:
the intensity of the Vmax; (4) b/amax: the ratio of the
amplitude of the b-wave over that of the a-wave for
the Vmax ERG (not shown at Fig. 2); (5) Ka: the ﬂash
intensity necessary to produce a b-wave 50% of Vmax
amplitude on the ascending limb of the photopic hill;
(6) Kd: the ﬂash intensity necessary to produce a b-wave
50% of Vmax amplitude on the descending limb and (7)
Ka=b: the ﬂash intensity at which the a- and b-waves
are of equal amplitude.
Statistical comparisons between the results obtained
with the diﬀerent wavelengths of ﬂash were performed
with one-way analyses of variance (ANOVAs), with
the factor wavelength of ﬂash (white, 410 nm blue,
510 nm green and 640 nm red) as repeated measures.
Post hoc analyses were performed using the Tukey
HSD test when the ANOVAs were found signiﬁcant.Vmax
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Fig. 2. Schematic representation of a photopic ERG luminance-
response function illustrating the major parameters that were mea-
sured for each subject. Refer to text for the deﬁnition of the
parameters. Solid line: b-wave; dotted line: a-wave.3. Results
Representative ERG responses (left) with their corre-
sponding OPs (right) evoked to white, 410 nm blue,
510 nm green and 640 nm red stimuli are shown in
Fig. 3. The a-, b- and i-waves are identiﬁed with the cor-
responding letter and the OP2, OP3 and OP4 with the
corresponding number. The overall morphology of the
ERG and the OP responses are similar for all four stim-
uli. In all instances, the amplitude of the a-wave gradu-
ally augments with increasing ﬂash intensities while that
of the b- and i-waves initially grow in amplitude with
progressively brighter ﬂashes, then reach a plateau and
ﬁnally decrease in amplitude with the brightest stimuli.
Moreover, while the amplitudes of the short latency
OPs (OP2 and OP3) augment regularly in response to
progressively brighter ﬂashes, OP4 splits into two dis-
tinct OPs (identiﬁed as OP4a and OP4b) with the bright-
est ﬂashes. Furthermore, it is of interest to note that,
unlike OP responses evoked to white, blue and green
stimuli, that obtained to red stimulation does not in-
clude a fully developed OP4, that is one which is clearly
separated from OP3, and whose amplitude is signiﬁ-
cantly larger (almost double in white light responses;
Lachapelle, 1994) than that reached by OP2 and OP3.
This last point will be further discussed later on.
Illustrated in Fig. 4 are photopic a- and b-wave lumi-
nance-response functions (mean ± SD) obtained to
white, blue, green and red stimuli. In the top four
graphs, the a-wave is represented by the ﬁlled squares
and the b-wave by the ﬁlled circles. Irrespective of the
wavelength of the stimulus, the amplitude of the b-wave
increases, reaches a maximal value (Vmax) and then de-
creases in response to progressively brighter ﬂashes.
Hence, each chromatic stimulus produced a photopic
hill. There were however some diﬀerences in the corre-
sponding photopic hills as shown at the bottom of
Fig. 4 where they are superposed to ease comparison.
The seven variables measured to describe the photopic
hill are reported at Table 1.
The lowest (p < 0.0001) maximal amplitude (Vmax) of
the b-wave was obtained in response to the red stimulus,
while the Vmax obtained to the blue and green ﬂashes did
not diﬀer from that measured in responses evoked to the
white stimuli. Similarly, the amplitude of amax also var-
ied with the wavelength of the stimulus, being largest in
response to the blue stimulus (p < 0.0001) and smallest
in response to the red stimulus while the green and white
stimuli yielded almost identical a-wave luminance-re-
sponse functions. Interestingly, the b/amax ratio was
highest in responses evoked to the white stimulus. The
dimmest and brightest Imax were those used to generate
the blue and red Vmax (p < 0.0001) respectively, while
there were no signiﬁcant diﬀerences in Imax value for
the green and white stimuli. The same color ranking
was observed for Ka, that is, subjects were most sensitive
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Fig. 3. Representative ERG (left) and oscillatory potential (right) responses evoked to progressively brighter (from bottom to top) white, 410 nm
blue, 510 nm green and 640 nm red ﬂashes. All responses were obtained from the same subject. Flash intensities are indicated in logcd s m2 on the
left hand side of the ERG responses. For the ERG responses, the a-, b- and i-waves are indicated with the corresponding letter while for the
oscillatory potential responses, OP2, OP3 and OP4 are identiﬁed with the corresponding numerals except for OP4a and OP4b, which are identiﬁed with
the corresponding letters. The vertical arrow represents the ﬂash onset. Small arrows in the blue and green OP tracings point at OP4a and OP4b
respectively while small arrows in red tracings point at remnant of OP4. Calibration: vertical, 50 lV (ERG) and 25 lV (OPs); horizontal, 25 ms.
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hoc analyses revealed that every wavelength generated
a Ka signiﬁcantly diﬀerent from each other (p < 0.001).
This aspect of our results is best illustrated at the bottom
of Fig. 4 where the four luminance-response curves (for
a- and b-waves) are superposed. The suggestion of an
enhanced sensitivity to the 410 nm blue stimulus is fur-
ther evidenced at Fig. 5 where the b-wave luminance-re-
sponse curves are normalized relative to the Vmax of
each subject. The data are also re-centered in order to
line up the Vmax obtained with the diﬀerent stimuli.
One can note that the overall shapes of the four phot-
opic hills are quite similar. Interestingly however, both
the ascending and descending limbs of the 410 nm blue
photopic hill are shifted to the left by approximately
0.3 log units. Finally, statistical analyses were not per-
formed on Kd and Ka=b, since not all wavelengths yielded
measurable values for these parameters (see bottom of
Table 1).
In all instances, an increase in the intensity of the
ﬂash resulted in faster a-waves (Fig. 6). For a given
intensity of stimulation, the peak time of the a-wavewas always fastest in responses evoked to the blue stim-
ulus. In comparison, with progressively brighter ﬂashes,
the timing of the b-wave ﬁrst shortens gradually (until
around 1.0 logcd s m2) than lengthens (up to intensi-
ties of 1.0 logcd s m2) and ﬁnally shortens again with
the brightest stimuli. This pattern was similar for every
wavelength, except for the green and red stimuli which
did not show the ﬁnal decrease in timing.
A similar diﬀerence in chromatic sensitivity was also
observed for the post-b-wave component identiﬁed as
i-wave. This is best illustrated with the data shown in
Fig. 7 where its amplitude increases, saturates and then
decreases with progressively brighter ﬂashes, and that,
irrespective of wavelength. As shown at the bottom of
Fig. 7, where the four graphs are superposed, the Vmax
of the i-wave is highest in response to the white stimulus
and lowest in response to the blue and red (see also
Table 2). It is of interest to note that the ﬂash intensity
needed to reach the i-wave Vmax varied according to
wavelength being dimmest with the blue stimuli and
brightest with the red stimuli, thus demonstrating a
chromatic diﬀerentiation identical to that observed with
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Fig. 4. Mean (±SD) a- and b-wave luminance-response functions to white, 410 nm blue, 510 nm green and 640 nm red ﬂashes. In the top four graphs,
the squares represent the a-wave and the circles, the b-wave. In the bottom two graphs, the four curves are superposed to ease comparison. The
abscissa is in logcd s m2 and the ordinate is in lV.
Table 1
ERG photopic hill parameters (±SD) for the 30 subjects
Color of ﬂash Vmax amax Imax b/amax Ka Kd Ka=b
White 92.2 (21.3) 26.7 (5.5) 0.35 (0.21)3 3.49 (0.70)3 0.47 (0.12)1 1.59 (0.48) 1.45 (0.22)
Blue 95.1 (20.0)2 34.7 (8.8)1 0.05 (0.25)1 2.84 (0.72)2 0.90 (0.17)1 1.00 (0.19) 0.99 (0.23)
Green 90.6 (22.6) 28.0 (5.9) 0.30 (0.20)3 3.26 (0.62) 0.57 (0.15)1 1.04 (0.11) 1.14 (0.00)
Red 74.3 (20.2)1 24.5 (5.8) 0.63 (0.23)1 3.10 (0.84) 0.32 (0.17)1 – –
ANOVA F(3,87) = 98.3 F(3,87) = 31.9 F(3,87) = 49.8 F(3,87) = 12.4 F(3,87) = 204.9 – –
p < 0.0001 p < 0.0001 p < 0.0001 p < 0.0001 p < 0.01
Refer to text for deﬁnition of the parameters and statistical analyses. Vmax and amax are expressed in lV whereas Imax, Ka, Kd and Ka=b are in
logcd s m2 and b/amax represents a ratio.
Kd was obtained for 19 subjects with white, 9 with blue, 5 with green and 0 with red stimuli. Ka=b was obtained for 24 subjects with white, 14 with
blue, 7 with green and 0 with red stimuli. Post hoc analyses: 1 = diﬀerent than the 3 others, 2 = diﬀerent than green, 3 = diﬀerent than blue and red,
p < 0.005.
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wavelength, the i-wave reached its maximal amplitudeat a ﬂash intensity approximately 0.2 log unit dimmer
than that needed for the b-wave.
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Fig. 6. A- and b-wave peak time luminance-response functions
(mean ± 1 SD)obtained to the four light stimuli used. The abscissa is
in logcd s m2 and the ordinate is in ms.
2326 M. Ruﬁange et al. / Vision Research 45 (2005) 2321–2330Also illustrated in Fig. 3 are representative OPs ob-
tained from a normal subject in response to white, blue,
green and red ﬂashes presented in photopic condition.
Data on OP amplitude measurements obtained at the
intensity of ﬂash which produced the maximal OP
amplitude (sum of all three major OPs, i.e. SOPs =
OP2 + OP3 + OP4) are presented in Table 2. For exam-
ple, for the chromatic luminance-response functions
illustrated in Fig. 3, the ﬂash intensities required to
generate the maximal OP responses (i.e. where all
three OPs are of maximal amplitude; Lachapelle, 1994)
are: 0.64 logcd s m2 (white), 0.30 logcd s m2 (410 nmblue), 0.69 logcd s m2 (510 nm green) and 0.57
logcd s m2 (640 nm red). The resulting tracings are
compared in Fig. 8. The amplitude of OP2 is signiﬁ-
cantly larger in response to the blue stimulus
(p < 0.0005), while the other three stimuli produced
almost equivalent OP2 amplitudes (Table 2). In compar-
ison, all wavelengths generated identical OP3 (p > 0.10).
The most pronounced chromatic eﬀect on the OP
response was observed with the red stimulus where we
noticed a signiﬁcant reduction (p < 0.0001) in the ampli-
tude of OP4 to a value 69% of that reached with the
white stimulus. In comparison, the amplitudes of the
white, blue and green OP4 were not signiﬁcantly diﬀer-
ent from each other. As a result of the above, the SOP
amplitude is highest to the blue (p < 0.05) followed by
the green and white and smallest in responses evoked
to the red stimuli (p < 0.0001).4. Discussion
The purpose of this study was to explore, with chro-
matic stimuli, if the typical photopic hill shape of the
cone ERG luminance-response function was a universal
feature irrespective of the wavelength of the stimulus. It
should be emphasized here that our goal was not to iso-
late the S-cone response from the M- and L-cone re-
sponse such as it is performed in other laboratories
(Gouras, 2003; Gouras & MacKay, 1990; Gouras, Mac-
Kay, & Yamamoto, 1993; Sawusch, Pokorny, & Smith,
1987; Simonsen & Rosenberg, 1996; Swanson, Birch, &
Anderson, 1993; Yamamoto, Nitta, & Kamiyama, 1997;
Yamamoto, Hayashi, & Takeuchi, 1999) but rather to
investigate if the previously reported photopic hill shape
of the cone ERG luminance-response function was
wavelength-dependent.
In all instances, a gradual increase in the strength of
the stimulus progressively brought the amplitude of the
b-wave to a maximum value (Vmax) before showing a de-
crease with brighter ﬂash intensities, thus resulting in the
typical photopic hill shape previously evidenced by
others with a white light stimulus (Kondo et al., 2000;
Lachapelle, Ruﬁange, & Dembinska, 2001; Ruﬁange,
Dumont et al., 2002; Ruﬁange, Rousseau et al., 2002;
Ruﬁange et al., 2003; Wali & Leguire, 1992, 1993).
There were however some diﬀerences, the most striking
being that the amplitude of the red Vmax was signiﬁ-
cantly smaller (20%; p < 0.0001) than those obtained
with the white, blue and green stimuli. The latter ﬁnding
is of utmost importance given that in previous studies
(Ruﬁange, Rousseau et al., 2002; Ruﬁange et al.,
2003), we had shown that the amplitude of the b-wave
Vmax did not vary signiﬁcantly despite an increase in
background illumination from 18 to 525 cd m2, which
resulted in a signiﬁcant rightward shift along the inten-
sity axis. This ﬁnding led us to postulate that the value
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Fig. 7. Mean (±SD) i-wave luminance-response functions to broad-band white, 410 nm blue, 510 nm green and 640 nm red ﬂashes. In the bottom
graph, the four curves are superposed to ease comparison. The abscissa is in logcd s m2 and the ordinate is in lV.
Table 2
ERG i-wave and oscillatory potential (OP) parameters (±SD) for the 30 subjects
Color of ﬂash i-wave Vmax OP amplitude
Amplitude Intensity OP2 OP3 OP4 Sum of OPs
White 29.3 (8.6)1 0.11 (0.33)3 14.7 (5.4)4 17.1 (7.2) 28.0 (9.2) 59.8 (17.9)3
Blue 22.6 (7.4)2 0.20 (0.52)1 17.9 (6.3)1 17.9 (7.3) 29.7 (10.1) 65.5 (20.5)1
Green 25.5 (8.1)1 0.08 (0.25)3 14.4 (4.9) 18.9 (7.5) 26.4 (10.2) 59.7 (19.8)3
Red 22.5 (8.8)2 0.44 (0.26)1 12.9 (4.3) 17.9 (7.3) 19.2 (7.5)1 49.7 (14.5)1
ANOVA F(3,87) = 19.4 F(3,87) = 17.3 F(3,84) = 19.7 F(3,84) = 1.9 F(3,84) = 19.1 F(3,84) = 21.6
p < 0.0001 p < 0.0001 p < 0.0001 p > 0.10 p < 0.0001 p < 0.0001
Amplitudes are given in lV and intensities in logcd s m2.
OP results with the red ﬂashes include 29 subjects. Post hoc analyses: 1 = diﬀerent than the 3 others, 2 = diﬀerent than white and green, 3 = diﬀerent
than blue and red, 4 = diﬀerent than red, p < 0.05.
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b-wave luminance-response function that probably
reﬂected the maximal voltage that can be generated by
the retina irrespective of the stimulation conditions.The results presented here would suggest that this is
not always the case.
It is important to stress that the smaller Vmax that
we obtained with the red stimulus was not due to our
white: 0.64
2
3 4
blue: 0.30
green: 0.69
red: 0.57
25
25
Fig. 8. Representative oscillatory potential responses evoked to the
white, 410 nm blue, 510 nm green and 640 nm red stimuli. Responses
were obtained from the same subject, at the intensity where the
maximal amplitude of the three major OPs was reached (see text). OP2,
OP3 and OP4 are represented with the corresponding number. The
ﬂash intensity (in logcd s m2) is indicated at the left of each tracing.
Calibration: vertical, 25 lV; horizontal, 25 ms.
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the 30 subjects tested, this Vmax was followed by pro-
gressively smaller b-waves evoked in response to gradu-
ally brighter ﬂashes. Thus, the maximal amplitude of the
cone ERG b-wave that was reached with the red ﬂashes
did represent the maximal output (as measured with the
cone ERG b-wave) that the retina could generate in re-
sponse to this type of stimulus delivered in photopic
condition. Some could argue that our ﬁnding of a signif-
icantly smaller cone b-wave Vmax in response to a red
stimulus could have resulted from a sampling error
inherent to the protocol we used. In other words, we
would have missed the ‘‘real’’ Vmax because our interval
between two consecutive intensities was too wide. We do
not believe that this was the case since, except for the
white stimulus, the same intensity intervals were used
for all chromatic stimuli and only the red stimulus
showed such a marked attenuation in Vmax. Further-
more, if a sampling error would have been at the origin
of the smaller Vmax to 640 nm red and given that retinal
sensitivity was not exactly the same for all subjects, we
would have expected that the ‘‘real’’ Vmax (i.e. of an
amplitude identical to that reached with the other stim-
uli) would have appeared at least in some subjects. In
fact, for all the subjects tested, the Vmax to red was al-
ways the smallest of all, a ﬁnding which further supports
our claim that this is what characterizes photopic hills
obtained to a long-wavelength stimulus.
The morphology of the OP signal evoked in response
to the red stimulus (see Figs. 3 and 8) was also unique.
There was a signiﬁcant reduction in amplitude of OP4
to a value approximately 70% of that reached with the
other wavelengths. Similarly the amplitude of OP2 wasalso smallest with red ﬂashes while that of OP3 did not
appear to be wavelength-dependent. As a result of the
above, the sum of OPs (SOPs) generated with the red
stimulus was approximately 20% smaller than that
reached with the other wavelengths, a reduction in
amplitude similar to that reached with b-wave Vmax
measurements. The latter is in agreement with previous
observations that the genesis of the b-wave and the OPs
are probably more intimately tied than originally
thought (Lachapelle, 1987; Peachey, Alexander, Der-
lacki, Bobak, & Fishman, 1991; Rousseau & Lachapelle,
2000). Similarly, it is noteworthy to remember that a
speciﬁc modulation in the amplitude of OP4 was previ-
ously reported elsewhere. For example, OP4 is the only
OP to be speciﬁcally and signiﬁcantly enhanced during
the light adaptation eﬀect which is evidenced following
a prolonged period of dark adaptation: its amplitude
nearly doubling (like that of the b-wave) within the ﬁrst
10 min of exposure to the photopic background (Benoit
& Lachapelle, 1995; Lachapelle, 1987; Peachey et al.,
1991). OP4 was also the ERG component most aﬀected
in another light adaptation phenomenon observed this
time following exposure to a bright photopic back-
ground light (Rousseau & Lachapelle, 2000). Along
the same line of thoughts, we showed (Lachapelle
et al., 1998) that two complementary retinal disorders,
namely congenital stationary night blindness (CSNB,
an alleged retinal ON-pathway anomaly; Barnes, Alex-
ander, & Fishman, 2002) and a familial form of cone
dystrophy (alleged retinal OFF-pathway anomaly; Siev-
ing, 1994), also had complementary photopic oscillatory
potential anomalies. In CSNB, the ﬁrst two OPs (OP2
and OP3), suggested to signal the activation of the reti-
nal ON-pathway, are speciﬁcally abolished, while in
the family with cone dystrophy it is the later one
(OP4), suggested to signal the activation of the retinal
OFF-pathway, which was abolished. It is noteworthy
to remember that Kojima and Zrenner (1978) had previ-
ously suggested an OFF-origin for the long latency OP
of the photopic response. These results thus suggest that
ON- and OFF- retinal pathways can be separately mon-
itored with the OPs and consequently, our demonstra-
tion of a signiﬁcantly smaller OP4 in response to the
red stimulus would again attest to the fact that this
wavelength is less eﬃcient in triggering a retinal OFF-
response.
Another interesting ﬁnding reported in the present
study is the shift of the photopic hill along the intensity
axis noted in response to blue and red relative to the
green and white stimuli. According to our results, the
human retina would be most sensitive to short-wave-
lengths and less to long-wavelengths. Similar ERG sen-
sitivities have been reported by other laboratories (Evers
& Gouras, 1986; Hood, Cideciyan, Roman, & Jacobson,
1995). The weaker sensitivity to the 640 nm red stimulus
could be explained by the fact the three types of cones in
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wavelengths above 600 nm (Forrester, Dick, McMen-
amin, & Lee, 2002). Thus, fewer photoreceptors could
be responding to the red stimulus. The greater sensitivity
to short-wavelength is harder to explain. One could eas-
ily ponder on a possible rod intrusion in cone ERGs
evoked to 410 nm blue light, since rods are most sensi-
tive to short-wavelengths (Forrester et al., 2002). How-
ever, our previous demonstration that the amplitude of
the cone b-wave Vmax remains identical while the rod-
desensitizing background light varies between 18 and
525 cd m2 Ruﬁange, Rousseau et al., 2002 suggests that
rods most probably do not contribute to cone ERGs,
irrespective of the wavelength of stimulus used. Further-
more, when the four photopic hills are normalized and
re-centered around the Vmax (Fig. 5), the ascent of the
blue photopic hill is markedly shifted to the left (dimmer
intensities) compared to the others which are super-
posed, suggesting that the sensitivity change is mainly
reﬂected by a translation of the entire photopic hill on
the intensity axis rather than by a change in the shape
of the photopic hill itself.
The hill shape of the luminance-response curve of the
i-wave has been demonstrated elsewhere (Kondo et al.,
2000; Ruﬁange, Rousseau et al., 2002). Results pre-
sented in this study further conﬁrm, as previously al-
luded to, that the fate of two waves are intimately tied
since, irrespective of the wavelength of the stimulus,
the i-wave Vmax was reached at an intensity 0.2 log unit
dimmer than that of the b-wave. Hence, the b-wave and
the i-wave generators appear to be either the same or
highly dependent upon each other. Also, the fact that
the i-wave was previously alleged to originate through
the activation of the OFF-pathway (Nagata, 1963),
probably at the level of the retinal ganglion cells (Rous-
seau, McKerral, & Lachapelle, 1996) would again bring
further support to the claim that the descent of the phot-
opic hill result from the gradual weakening of the OFF-
ERG component caused by progressively brighter
ﬂashes (Kondo et al., 2000).
In summary, use of chromatic stimuli to generate the
unique photopic ERG luminance-response function
provided us with a new means to further distinguish
the diﬀerent components of the photopic ERG signal
as well as hypothesize on the possible origin of the phot-
opic hill. Further work on patients with color vision
deﬁciencies would help better deﬁne the relative contri-
bution of the S-, M- and L-cones to the making of the
diﬀerent ERG components and the resulting photopic
hill.Acknowledgments
The authors thank Dr. Nam Nguyen and Dr. Nadia
Al-Kharusi for the ophthalmological examination ofsubjects as well as Dr. Vasile Diaconu for the measure-
ment of the transmittance of the ﬁlters. This study was
supported by Sacre-Coeur Hospital Foundation (MR),
Natural Sciences and Engineering Research Council of
Canada (MD), McGill University, Montreal Childrens
Hospital Research Institute (PL) and Canadian Insti-
tutes of Health Research (PL).References
Barnes, C. S., Alexander, K. R., & Fishman, G. A. (2002). A
distinctive form of congenital stationary night blindness with cone
ON-pathway dysfunction. Ophthalmology, 109, 575–583.
Benoit, J., & Lachapelle, P. (1995). Light adaptation of the
human photopic oscillatory potentials: inﬂuence of the length of
the dark adaptation period. Documenta Ophthalmologica, 89,
267–276.
Evers, H. U., & Gouras, P. (1986). Three cone mechanisms in the
primate electroretinogram: Two with, one without oﬀ-center
bipolar responses. Vision Research, 26, 245–254.
Forrester, J. V., Dick, A. D., McMenamin, P. G., & Lee, W. R. (2002).
The eye: Basic sciences in practice. London: Harcourt Publishers
Limited.
Gouras, P. (2003). The role of S-cones in human vision. Documenta
Ophthalmologica, 106, 5–11.
Gouras, P., & MacKay, C. J. (1990). Electroretinographic responses of
the short-wavelength-sensitive cones. Investigative Ophthalmology
and Visual Science, 31, 1203–1209.
Gouras, P., MacKay, C. J., & Yamamoto, S. (1993). The human S-
cone electroretinogram and its variation among subjects with and
without L and M-cone function. Investigative Ophthalmology and
Visual Science, 34, 2437–2442.
Hood, D. C., Cideciyan, A. V., Roman, A. J., & Jacobson, S. G.
(1995). Enhanced S-cone syndrome: Evidence for an
abnormally large number of S-cones. Vision Research, 35,
1473–1481.
Kojima, M., & Zrenner, E. (1978). OFF-components in response to
brief light ﬂashes in the oscillatory potential of the human
electroretinogram. Albrecht Von Graefe’s Archive for Clinical and
Experimental Ophthalmology, 206, 107–120.
Kondo, M., Piao, C.-H., Tanikawa, A., Horiguchi, M., Terasaki, H.,
& Miyake, Y. (2000). Amplitude decrease of photopic ERG b-wave
at higher stimulus intensities in humans. Japanese Journal of
Ophthalmology, 44, 20–28.
Lachapelle, P. (1987). Analysis of the photopic electroretinogram
recorded before and after dark adaptation. Canadian Journal of
Ophthalmology, 22, 354–361.
Lachapelle, P. (1994). The human suprathreshold photopic oscillatory
potentials: Method of analysis and clinical application. Documenta
Ophthalmologica, 88, 1–25.
Lachapelle, P., Rousseau, S., McKerral, M., Benoit, J., Polomeno, R.
C., Koenekoop, R. K., et al. (1998). Evidence supportive of a
functional discrimination between photopic oscillatory potentials
as revealed with cone and rod mediated retinopathies. Documenta
Ophthalmologica, 95, 35–54.
Lachapelle, P., Ruﬁange, M., & Dembinska, O. (2001). A physiolog-
ical basis for deﬁnition of the ISCEV ERG standard ﬂash (SF)
based on the photopic hill. Documenta Ophthalmologica, 102,
157–162.
Marmor, M. F., & Zrenner, E. (1998). Standard for clinical electro-
retinography (1999 update). Documenta Ophthalmologica, 97,
143–156.
Nagata, M. (1963). Studies on the photopic ERG of the human retina.
Japanese Journal of Ophthalmology, 7, 96–124.
2330 M. Ruﬁange et al. / Vision Research 45 (2005) 2321–2330Peachey, N. S., Alexander, K. R., Derlacki, D. J., Bobak, P., &
Fishman, G. A. (1991). Eﬀects of light adaptation on the response
characteristics of human oscillatory potentials. Electroencephalo-
graphy and Clinical Neurophysiology, 78, 27–34.
Peachey, N. S., Alexander, K. R., Derlacki, D. J., & Fishman, G. A.
(1992). Light adaptation, rods, and the human cone ﬂicker ERG.
Visual Neuroscience, 8, 145–150.
Rousseau, S., & Lachapelle, P. (2000). Transient enhancing of cone
electroretinograms following exposure to brighter photopic back-
grounds. Vision Research, 40, 1013–1018.
Rousseau, S., McKerral, M., & Lachapelle, P. (1996). The
i-wave: Bridging ﬂash and pattern electroretinography. Electro-
encephalography and Clinical Neurophysiology. Supplement, 46,
165–171.
Ruﬁange, M., Dassa, J., Dembinska, O., Koenekoop, R. K., Little, J.
M., Polomeno, R. C., et al. (2003). The photopic ERG luminance-
response function (Photopic Hill): Method of analysis and clinical
application. Vision Research, 43, 1405–1412.
Ruﬁange, M., Dumont, M., & Lachapelle, P. (2002). Correlating
retinal function with melatonin secretion in subjects with an early
or late circadian phase. Investigative Ophthalmology and Visual
Science, 43, 2491–2499.
Ruﬁange, M., Rousseau, S., Dembinska, O., & Lachapelle, P. (2002).
Cone-dominated ERG luminance-response function: the Photopic
Hill revisited. Documenta Ophthalmologica, 104, 231–248.Sawusch, M., Pokorny, J., & Smith, V. C. (1987). Clinical electroret-
inography for short wavelength sensitive cones. Investigative
Ophthalmology and Visual Science, 28, 966–974.
Sieving, P. A. (1994). Unilateral cone dystrophy: ERG changes
implicate abnormal signaling by hyperpolarizing bipolar and/or
horizontal cells. Transactions of the American Ophthalmological
Society, 92, 459–471.
Simonsen, S. E., & Rosenberg, T. (1996). Reappraisal of a short-
wavelength-sensitive (S-cone) recording technique in routine clin-
ical electroretinography. Documenta Ophthalmologica, 91, 323–332.
Swanson, W. H., Birch, D. G., & Anderson, J. L. (1993). S-cone
function in patients with retinitis pigmentosa. Investigative Oph-
thalmology and Visual Science, 34, 3045–3055.
Wali, N., & Leguire, L. E. (1992). The photopic hill: A new
phenomenon of the light adapted electroretinogram. Documenta
Ophthalmologica, 80, 335–342.
Wali, N., & Leguire, L. E. (1993). Fundus pigmentation and the
electroretinographic luminance-response function. Documenta
Ophthalmologica, 84, 61–69.
Yamamoto, S., Nitta, K., & Kamiyama, M. (1997). Cone electroret-
inogram to chromatic stimuli in myopic eyes. Vision Research, 37,
2157–2159.
Yamamoto, S., Hayashi, M., & Takeuchi, S. (1999). S-cone electro-
retinogram to Ganzfeld stimuli in patients with retinitis pigmen-
tosa. Documenta Ophthalmologica, 99, 183–189.
